Abstract-In this paper, the reliability of RF power transistors' solder attachments is characterized through experiments and simulations. Test cases consisted of power amplifier (PA) modules on AlSi10Mg substrates with either a low or high mutual thermal mismatch. The module's flange interconnections were stressed by means of thermal cycling testing (TCT) in the 15 • C-95 • C range. Scanning acoustic microscopy (SAM) was used intermittently to inspect the interconnections of selected structures during cycling breaks. Optical cross-polarization microscopy and scanning electron microscopy were used in the failure analysis of the solder joints. Different materials and dimensional variations were tested in simulations to observe differences in thermal stress. The viscoplastic behavior of lead-free solder in the interconnection was modeled using Anand's constitutive equations. The first cracks could be observed with SAM after 100 cycles. SAM imaging showed that in the worst case, 72% of the interconnection area had cracked at the end of the 1100-cycle TCT. Only a marginal amount of cracks could be observed in PA modules with a better coefficients of thermal expansion match to the substrate. Simulations indicated that it is possible to decrease creep energies significantly and thereby increase the lifetime expectancy of interconnections by selecting the correct materials and structures.
Power Module Interconnection Reliability in BTS Applications
I. INTRODUCTION T HERMOMECHANICAL stresses in solder interconnections are among the most significant factors posing a risk of failure for modern power electronics assemblies. Besides structural and material choices, in critical systems it is a good idea to implement proactive diagnostics, i.e., prognostics, for the devices, to minimize system downtime often caused by failing interconnections [1] - [4] .
In many applications, PA transistor modules are attached with solder to a baseplate typically made from silumin such as AlSi10Mg. Due to the mismatch of the coefficients of thermal expansion (CTE) of the materials, the solder is prone to cracking. As initiated cracks in PA modules often propagate in the interconnection between the module's flange and the baseplate, reduction of the interconnected area also reduces the amount of heat being able to be conducted away. As pointed out by Lutz et al., higher temperature leads to increasing power losses, therefore expediting degradation in a positive feedback loop [5] . To some extent this increase is compensated by a reduction of the distance to the neutral point due to the crack front being closer to it, therefore reducing thermomechanical forces. However, in power RF applications, stressing can result in degradation of the device's RF performance already during the early phase of crack propagation. This is noteworthy in applications that serve a large amount of users, such as in base transceiver stations (BTS) used in telecommunication networks.
Traditionally low CTE flange materials like MoCu has been used in PA modules because the power chip is directly attached to flange. During recent years power modules with pure Cu flanges have become commercially available. The motivation for this research is to compare the interconnection reliability of PA modules with these older and newer flange types. This is done by subjecting PA assemblies to thermal cycling tests (TCT) and characterizing them by using different imaging methods, including optical cross-polarization microscopy (OM), X-ray microscopy, scanning acoustic microscopy (SAM), and scanning electron microscopy (SEM). Besides physical inspections, the solder's response to induced stresses was studied by means of finite element models (FEMs). On the basis of FEM simulations, critical factors affecting the reliability of interconnections could be pointed out.
II. EXPERIMENTAL SETUP & PERFORMED SIMULATIONS

A. Test Cases, Thermal Cycling Tests (TCT), and Inspections
A sketch of the structure is shown in Figure 1 . The PA module is attached to a cavity on the AlSi10Mg baseplate with a lead-free solder preformed for modules having either a CuMoCu-Cu (later denoted CuMo) or a Cu flange, with NiAu (specified Au thickness max 2 µm) and NiPdAu (specified PdAu thickness max 0.12 µm) platings, respectively. The module consists of different parts pointed out in the figure; a lid The sample sets included PA modules having both Cu and CuMo flanges with a length of 32.2 mm, width of 10.2 mm, and thickness of around 1.7 mm. The CuMo-flanged modules were attached to the baseplate with SAC305 solder, whereas the Cu-flanged modules were attached with 96.3/3.7 SnAg solder. The samples were stressed in a thermal cycling test (TCT) chamber. The recommended TCT profiles are defined in the IPC-9701 and JEDEC JESD22-A104 standards, and the profile used for the current structures was adjusted on that basis ( [6] , [7] ). The upper and lower peak temperatures of the TCT were set according to the expected conditions during device on/off operation. In particular, the set cycle profile was 15 • C to 95 • C, with 10-minutes rise and fall times and 20-minutes dwell times at the temperature extremes, resulting in one cycle per hour. The same profile was used in the simulations shown in Figure 2 .
The modules were imaged during cycling breaks and after TCT, before cross-sectional and fracture surface studies, using a Feinfocus FXS-160.23 X-ray microscope and a Sonoscan D-9000 scanning acoustic microscope (SAM). C-type SAM images were produced with 50 MHz and 100 MHz focused transducers (F # = 2) in a pulse-echo mode using the interface scan technique [8] . As there should be no air cavity between the SAM transducer and the imaged surface, the ceramic lids of the PA modules encasing the transistor chips had to be carefully removed. SAM inspections of selected samples were carried out after the lids of the PA modules were removed. Initial inspections were done before TCT, followed by intermittent inspections during cycling breaks. Intermittent inspections were done at 24, 50, 100, 200, 300, 400, 500, 800, and 1100 cycles.
After TCT several samples were prepared for crosssectional studies with optical microscopy and scanning electron microscopy/energy dispersive spectrometry (SEM/EDS). A dye and pry method was also used to observe the fractured areas. To analyze the chemical composition of twophase MoCu in the Cu-MoCu-Cu flange, inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis was performed. Figure 3 shows a cross-sectional sketch of the most likely place for crack initiation, i.e., the flange-baseplate solder interconnection at the edge of the flange and the related structures. The lamellar structure of the CuMo flange is also shown in the sketch.
B. Simulation 1) Model Development:
The symmetry of the module and the configuration allowed a half-2D model to be used in the simulation, Figure 4 . The thermal elongation in the x-direction, on the bottom and the outer end of the baseplate, was assumed to be independent of the solder layer and attached flange. This is because in the real structure, the flange has a finite width of only 10.2 mm and the baseplate continues perpendicularly to the 2D simulation plane (z-direction) in front of and behind the flange, which the 2D model does not take into account. In addition, the baseplate's higher thickness outside the cavity of the PA module assembly was not taken into account in the model, and is therefore less rigid than in reality.
2) Modeled Structures: Anand's constitutive model was used in the simulations [9] . The model accounts for the viscoplastic behavior of the solder material, including the strain rate and its history, temperature, and strain hardening/recovery effects. Thus, stress and inelastic strain in the model can be determined as a function of time. Further, the energy dissipated due to the inelastic strain (plastic work) can be calculated, which is the dissipated creep energy density.
The dissipated creep energy density was used to compare the simulated cases. Instead of using its localized and, e.g., mesh-dependent maximum value, an averaged value was used. After running each FEM model, the creep energy density average per cycle over a cross-sectional area of 3600 µm 2 (corresponding to, for example, the area of a square sized 60 x 60 µm 2 ) containing the maximum creep energy was determined. Later this energy is denoted as the representative creep energy, W rce , and is used to compare thermal stress effects of different modeled structural constructions.
The varied parameters in the evaluated Comsol Multiphysics models were:
• Flange materials 3) Material Parameters: Material parameters were taken either from literature or from the material library of the simulation software. The component's lid material and silicon chip, as well as the baseplate's PCB, were assumed to have only a minor effect on the stresses between flange and baseplate, so they were left out of the simulations.
Material parameters for the SAC305 Anand model were taken from [10, Fig. 25] , with an aging time of 120 h at 100 • C. This was selected because the aging effect takes place also during thermal cycling. For the SnAg solder, the Anand parameters of SnAg 96.5/3.5 from [11] were adopted, being the closest composition of the actually used SnAg 96.3/3.7, found in the literature.
The chemical composition of MoCu in the Cu-MoCuCu flange was found to be 30 % Cu and 70 % Mo (by weight) as reported in the results section. The needed material parameters for FEM modeling were taken from a material manufacturer [12] , except for Poisson's ratio the one for Molybdenum was used.
The rest of the material parameters with their corresponding temperature dependencies are embedded in the simulation software's library, which was used. The key material parameters at room temperature (20 • C) are listed in Table I (CTE referenced to 20 • C).
III. RESULTS
A. Microscopy Imaging and Analysis
SAM images of the flange attachment together with an X-ray reference image at the top are shown in Figure 5a and b. Note that the bottom side images have been mirrored to enable a better comparison with the top side images. Cracks observed in the SAM images are indicated with yellow lines. The earliest fractures observed with SAM occurred after 100 cycles. In the worst case for a CuMo flange, the cracked area was 72 % of the total flange interconnection area at the end of the test (1100 cycles). A single crack observed with SAM in the solder interconnection of modules with a Cu flange is pointed out in Figure 5b , which also shows huge voids that were not observed in any other sample. No other cracks were observed in any SAM images of Cu-flanged cases. Figure 6 shows solder remaining on the substrate cavity after detaching the module. On the left side of the image flat prying mark can be seen; there is loose material near the middle area of the module that was removed from the sample during prying and landed there. In this image the yellow lines represent the same area of observed cracks in SAM imaging, confer to Figure 5a , right hand side image after 1100 cycles.
As to modules with a Cu flange, only a small initiated crack at the edge of the component's interconnection was observed in SAM imaging through the bottom side. Dye and pry revealed cracks at the edges of the Cu flange, under the ring frame. However, the amount in the worst case was 8.5 % of the total interconnection area. An initially observed cavity, i.e., one not related to cracking, is also included in this percentage.
Comparing cracked areas evaluated from SAM images to those obtained from dye and pry, it was observed that SAM from top side gives a similar or slightly smaller amount of cracked area. On bottom side the evaluated cracked areas in SAM images was generally smaller.
The thickness of the flange measured from the crosssections averaged 1710 µm, and for a CuMo flange, the partial thicknesses of Cu and MoCu were 290 µm and 1130 µm, respectively. According to the ICP-OES analysis, the MoCu consisted of 30 % Cu and 70 % Mo by weight. The baseplate thickness under the module was 4.4 mm. These measurements were used in the simulations. The solder thickness varied from 150 to 280 µm.
B. Metallographic Investigation
The cross-sections of the specimens were investigated using cross-polarized optical microscopy. In the case of the Cu flange, the initial dendritic solidification structure remains after TCT, Figure 7a . Thus, no recrystallization occurred in the SnAg solder joint. Contrary to this, in the case of the CuMo flange the SAC solder joint recrystallized fully in the TCT, Figure 7b . From the closeup image of this area, microvoids and grain boundary cracking can be detected (Figure 7c ). This type of failure formation is typical for the creep failure of a ductile metal alloy.
In order to characterize the microstructure of the solder joints, SEM/EDS investigation were conducted. It was observed that the microstructure of near eutectic Sn3.7Ag solder has a typical near eutectic microstructure with dispersion free primary tin and eutectic Sn/Ag 3 Sn areas, as shown in Figure 8 . Naturally, the cooling rate have a significant effect on the size and distribution of the IMC particles and tin phase, but generally speaking this type of microstructure is typical for near eutectic tin-based solder alloys with silver assuming that the tin is the primarily solidified phase.
On the contrary, the SAC solder had an unanticipated microstructure. Typical Au thickness in ENIG coating is 3-4X than Au in NiPdAu (40-60 nm).The ENIG surface of the flange contained thicker amount of Au that caused rather unique microstructure in these joints. First of all, relatively long (< 100 microns) lamellar AuSn 4 particles formed within the solder bead, as shown in Figure 9a . In the critical area, the shape of these IMCs is more equiaxed or rod like (Figure 9b) . Moreover, the Ag 3 Sn particle size and distribution is quite different comparing the typical microstructure the SAC305 solder. There are no typical eutectic Sn/Ag 3 Sn areas with fine particle size, but the Ag 3 Sn particles are relatively large, up to 10 microns, and unevenly distributed, as shown in Figure 9 . Similarly, the Cu 6 Sn 5 type intermetallic compounds ((Cu,Ni) 6 Sn 5 ) have grown large round particles.
Another significant difference between the test specimens was the voiding. Voids themselves present an easy fracture path for a propagating crack, but they also concentrate stresses in their vicinity. This results in more severe strain and the formation of a recrystallized area [13] , [14] . This behavior was also observed in SnAg joints, as shown in Figure 10 . However, the creep failure did not form in these areas during the TCT. 
C. Simulation
If not otherwise stated, all the following simulation results presented are for CuMo and Cu flanges with SAC305 and SnAg solder Anand parameters in models, respectively. Figure 11 shows simulated average creep energy densities for different solder layer thicknesses as a function of time for 2.3 cycles, compare with Figure 2 . These initially run simulations indicated that creep energy per cycle stabilized after a few cycles. Therefore, the models did not need to be simulated for a large amount of cycles.
For representative creep energy analysis for each case, a whole cycle between 1.3 and 2.3 cycles, corresponding to 4680 and 8280 seconds, was selected (from hot to hot, see Figure 2 ).
In Figure 12 a) and b) the evaluated representative creep energies, W rce , are shown for different solder thicknesses as a function of flange length for CuMo and Cu flanges, respectively. In addition to using SnAg Anand parameters (unbroken lines), a Cu flange was simulated with SAC305 parameters (broken lines) for solder thicknesses of 56 µm and 250 µm. To illustrate the difference in energy scales for these two flange materials, the uppermost curve in Figure 12 b) is also shown in Figure 12 a) , being the lowermost one (broken orange line with square marks). The place of the highest W rce in all cases was just under the flange in the vicinity of its outer end, i.e., farthest away from the neutral point. Figure 13 shows of how the shear stress behaves between baseplate and a) a CuMo and b) a Cu flange when the temperature changes from the cold end to the hot end (from 15 • C to 95 • C in 10 minutes) during the second simulated cycle for long flange. In both Figure 13a ) and b), the uppermost blue line represents the shear stress just before the temperature starts to increase after staying at the cold end. Figure 14 shows the 2D-simulated shear stress between the baseplate and a) a CuMo and b) a Cu flange at the temperature's cold and hot ends (after 1.8 and 2.3 cycles) with varying flange lengths. The results presented in Figure 13 and Figure 14 are both simulated with a solder thickness of 150 µm. Varying the solder thickness had only a minor effect on the behavior of the residual shear stress. Thinner solder gives somewhat bigger stress levels.
To simulate the effect of solder thickness on W rce , it was varied as a geometric series from 43 µm to 323 µm with nine steps. The selected test case was a long PA module with both CuMo and Cu flange materials, Figure 15 . An inverse, nonlinear relationship between W rce and solder layer thickness is seen. Power law equations show the best fits for the data.
IV. DISCUSSION
A. TCT and Inspections
The TCT range was severe enough to induce cracking in the solder, especially in assemblies made with a CuMo flange. Cracking is also likely to occur in the field within a reasonable time.
The flange's uneven top face, carrying power transistor chips, caused ghosting in the SAM images of the solder layer taken through this interface, as seen in Figure 5 , left side images. On the top side also the ring frame of the module hindered imaging from underneath the layer, which resulted in earlier observation of cracks through the bottom side in several occasions. This is because cracks initially appear in the areas of greatest stress, which are usually located in the corner regions of module interconnections. However, the nonhomogeneous structure of the baseplate caused graininess in the images taken from the bottom, i.e., the baseplate side ( Figure 5 , right side images). Discerning the cracks and their propagation required contrasting to images previously taken from the same sample. Still, crack propagation could be observed in the structures relatively easily for CuMo flanges, as seen in Figure 5a . Compared with the initial situation (0 cycles), the images taken after 500 cycles show cracks on both the top and bottom sides, indicated with yellow lines. The effective solder area in the imaged interface was reduced considerably after 1100 cycles. The bottom side images have been mirrored to better enable contrasting to the top side images. Interconnection cracking observed in the modules with a Cu flange was marginal compared with those with a CuMo flange. In the only case where cracking was observed with SAM, the cracked area was minimal, despite a large amount of voids in the particular interconnection. That is, thermal mismatch and effective Young's moduli are clearly smaller with a Cu flange, resulting in a reduced amount of cracks during TCT. This is also confirmed by simulations, in which W rce values were found to be more than a decade smaller for modules with a Cu flange compared with those of modules with a CuMo flange.
The cracks had propagated along the AuSn 4 and bulk solder interfaces, which is a phenomenon observed often before [15] . The rigidity of the module, especially like that with a CuMo flange, caused the cracks to propagate generally closer to the module than the baseplate.
B. Failure Analysis of Solder Joints
Generally, the as-soldered tin based lead-free solders joints consist of a few large Sn grains where intermetallic compounds (IMC), like Ag 3 Sn particles, are embedded [13] , [16] - [21] . It is also a well-known fact that recrystallization occurs in thermo-mechanically loaded joints of these solder alloys during the typical thermal cycling tests. Furthermore, the primary intergranular crack propagates along the recrystallized zone [13] , [19] - [21] .
On the other hand, the observation shown in Figure 7a proved that the SnAg solder joint can resist the inelastic deformation enough in order to avoid recrystallization. This is consistent with the findings of the other studies. For example, no clear evidence of recrystallization in Sn3.8Ag0.7Cu fatigue specimens was detected in the isothermal cycling tests at various temperatures [22] , [23] . Similarly, no occurrence of recrystallization in a SnAgCu alloy was observed in thermal cycling test of lap joint specimens at various temperatures or in thermal cycling testing (TCT) over a temperature range of RT −100 • C [24] , [25] .
Moreover, Hokka et al. [26] , [27] showed that in real use conditions no recrystallization was observed in the solder joints of relatively large (12 mm x 12 mm) 144 BGA joints. In their studies, they pointed out that the correspondence of microstructural changes and failure mechanism between the non-accelerated and accelerated interconnections should be taken into account in the lifetime prediction models and simulations. Finally, it was proved that the effect of global thermal mismatch between component and the substrate has a major effect on the recrystallization behavior of different tin based lead-free solders [28] - [30] .
Since the global thermal mismatch of the Cu flange and baseplate was small, about 5 ppm/ • C, and the TCT range relatively mild, the observed excellent creep resistance of SnAg solder is quite reasonable. Even the local strain concentration and the formation of a recrystallized area in the vicinity of the voids did not cause a creep failure in these joints (Figure 10 ).
The SAC solder was fully recrystallized between the CuMo flange and baseplate (Figure 7b ). The SAM investigation also proved that the failure initiated and propagated in this area. Naturally, the extremely large global thermal mismatch (18 ppm/ • C) of the CuMo flange/baseplate configuration makes these solder joints prone to recrystallization. But one should also take the effect of the microstructure in account when the creep resistance of the material is estimated.
Considering the effect of the microstructure on the recrystallization process of the lead-free solder joints, it was shown that relatively high (x ≥ 3 wt%) Ag content resulted in suppressed grain growth in the recrystallized SnxAg0.5Cu solder matrix during the TCT over a temperature range of −40 • C to 125 • C compared with the low (≤ 2 wt%) Ag content. It was assumed that the pinning effect of fine Ag 3 Sn dispersions resulted in suppressed grain growth in SAC alloys [13] , [31] , [32] . Moreover, Sundelin et al. [13] showed that the hypoeutectic Sn3Ag0.5Cu solder recrystallized more readily than the Sn3.8Ag0.7Cu and Sn4Ag0.5Cu solders. They concluded that this difference was related to the lower amount of Ag 3 Sn particles in the hypoeutectic solder. Thus, the Ag-content seems to have a major effect on the solidified microstructure.
Assuming that the eutectic composition of SnAg binary alloy is Sn3.5Ag ( [33] ), the first phase to solidify in equilibrium conditions is Ag 3 Sn. However, the SEM investigation showed (Figure 8 ) that the near eutectic Sn3.7Ag solder has a microstructure with dispersion-free primary tin and eutectic Sn/Ag 3 Sn areas. These dispersion-free areas are more prone to the accumulation of inelastic strain and the subsequent recrystallization and creep failure compared with the microstructure of eutectic alloys with fine Ag 3 Sn particles and their distribution within the tin matrix [13] , [32] . There are two possible explanations for this behavior. Firstly, the composition of the melt was not eutectic. In this case, either the actual silver content was lower than the nominal content and/or the extra solute atoms from NiPdAu metallization of the flange changed the solidification sequences of the melt. Another reason is the non-equilibrium conditions during the solidification of the joints, which together with the off-eutectic composition of melt have resulted in the formation of the dendritic solidification structure shown in Figure 7a .
As shown in Figure 9 , the SAC solder had an unexpected microstructure with long lamellar AuSn 4 particles formed within the solder bead. The shape of these particles was more equiaxed or rod like in the critical area between the flange and the baseplate. The Ag 3 Sn particle size and distribution was also quite different compared to the typical microstructure of the SAC305 solder ( Figure 9 ). The authors believe that the formation of these coarse Ag 3 Sn particles instead of the typical fine particle size was due to the increased temperature range between liquidus and solidus of the Au containing SAC melt and the off-eutectic solidification sequences of this particular Au containing SAC alloy.
However, it can be noted from Figure 7c and Figure 9c , that the IMC particles within the critical area did not have any major contribution to the creep failure formation, but the main reason for the failure is the formation of the recrystallized area and the subsequent creep cracking. The IMC particle size was relatively large and distribution was too sparse in order to cause any notable precipitation hardening. Theoretically speaking, this coarse microstructure has an adverse effect to the recrystallization behavior since there is no sufficient precipitate structure to hinder dislocation movement during a thermal cycle. Thus, the accumulation of the inelastic deformation is faster and the recrystallization occurs earlier compared to the microstructure with the typical fine Ag 3 Sn particle distribution. The primary crack path was therefore formed in the grain boundaries and the crack propagated along the IMC/tin phase boundary only occasionally.
On the basis of the above discussion it was concluded that the better resistance of Cu flange with SnAg solder was due to a low global thermal mismatch and stable assoldered microstructure, whereas the extremely large global thermal mismatch between CuMo flange and the baseplate and the adverse off-eutectic as-soldered microstructure of the SAC solder joints make them prone to recrystallization in the present test conditions. After the formation of a recrystallized microstructure, a typical creep failure occurred in the SAC solder joints. Figure 12 presents the representative creep energy W rce as a function of flange length for different solder thicknesses. A common trend can be seen: the thinner the solder layer, the higher the representative creep energy W rce for both flange materials. For a CuMo flange, being more rigid and having a bigger CTE difference from the baseplate, the W rce values were found to be in the order of a decade higher than these of a Cu flange.
C. Simulations
In Figure 12 b) the simulated W rce for Cu flange using SnAg Anand parameters are shown with unbroken lines. In addition, Cu flange was simulated with SAC305 parameters for solder thicknesses of 56 µm and 250 µm, shown with broken lines. As seen, the simulated W rce values for SAC305 solder are slightly higher than those simulated with SnAg solder Anand parameters. However, the simulated W rce values are not directly comparable for solders with different compositions. This is because the thermomechanical properties of different solder compositions may vary, i.e., the preconditions required for crack initiation and propagation can be different. In addition, the potentially different metallurgical reactions with the pad/electrode materials, also affecting in the solidification structure, are not considered in the simulations. So, although the modules with a CuMo or Cu flange were attached with different lead-free solder compositions, the observed dissimilarity in cracking behavior is a result of the significant difference in flange material rigidities and in the flanges' CTE mismatch to the AlSi10Mg baseplate, rather than of the use of different solder compositions.
As seen in Figure 12 b) for a Cu flange, W rce seems to saturate as the flange length increases. For a CuMo flange, Figure 12 a), the same kind of behavior can be recognized. To study this behavior closer, the residual stress state on the solder was investigated in more detail, Figure 13 and Figure 14 . In the Figure 13 , the shear stress between baseplate and both CuMo and Cu flange is presented as a function of the distance from the neutral plane at varying temperatures from the cold end to the hot end (from 15 to 95 • C in 10 min) for long flange. When the temperature increases, the baseplate starts to dilate faster than the flange, and the shear stress starts to decrease beginning from the farthest end of the neutral plane, i.e., at the flange end. At the light blue line, situated at the end of the broken arrow line, the temperature has reached its upper extreme value. Simultaneously, the absolute value of the stress level has decreased because of solder creep. This is more clearly seen for CuMo flange, Figure 13 a) , because the stress levels are higher and the resulting strain and creep much larger compared to Cu flange, Figure 13 b ). In the case of long flange, for CuMo flange, the shear stress exists almost over the whole flange length whereas for Cu flange the stress is close to zero for a notably long distance from the neutral plane.
In Figure 14 the simulated shear stress between the baseplate and a) a CuMo flange and b) a Cu flange, at the temperature profile's cold and hot ends are presented with different flange lengths. For CuMo flange, Figure 14 a), up to flange length 25.8 mm, the effective shear stress exists almost over the whole flange length, and W rce increases almost linearly as a function of flange length, Figure 12 a) . For longer flanges, the shear stress closer to the neutral plane decreases. As a result, the deformation due to solder creep at the end of the flange is no more increasing linearly as a function of flange length resulting in W rce no more increasing linearly but showing saturation behavior instead. For a Cu flange this behavior is different because Cu flange is less rigid and its CTE is closer to that of the solder and baseplate, compared to CuMo flange. Therefore, with a Cu flange, the solder layer only deforms considerably closer to the end of the flange, as seen in Figure 14 b) , which shows the shear stress between baseplate and Cu flange at the cold and hot temperature ends. For the shortest flanges, some deformation also exists close to the symmetry plane. With longer flange lengths, this movement becomes limited, resulting in W rce showing somewhat stronger saturation effect compared to the CuMo flange, as seen in Figure 12 . Figure 15 presents the effect of solder thickness on W rce for a long PA module with both CuMo and Cu flange materials. An inverse, non-linear relationship between W rce and solder layer thickness can be observed. For thinner solder layer thicknesses, the W rce values increases due to higher shear strain when the solder thickness decreases.
V. CONCLUSION
In this work, the reliability of PA modules' flange interconnections for base transceiver station (BTS) applications was investigated by conducting thermal cycling tests (TCT), characterizing interconnections by means of different imaging methods, and by FE modeling dissipated creep energy densities in the solder layer of different assemblies. Simulations of the representative creep energies (W rce ) show significant differences between the different flange materials and geometric combinations.
The following conclusions can be drawn: 1) Introduction of Cu flanges in PA modules greatly reduces thermal stress-induced plastic work in the solder, indicating a higher lifetime expectation in field use compared with CuMo flanges. This was due to a low global thermal mismatch and stable as-soldered microstructure that resisted the accumulation of inelastic strain. Thus, recrystallization and formation of a subsequent intergranular creep failure did not occur. 2) The extremely large global thermal mismatch between CuMo flange and the baseplate together with the adverse off-eutectic as-soldered microstructure of the SAC solder joints made them prone to recrystallization. After the formation of a recrystallized microstructure, a typical creep failure occurred in the SAC solder joints. This behavior resulted in a poor creep resistance and reduced lifetime expectations.
3) Simulations showed that increasing the solder thickness results in clearly smaller W rce , suggesting higher reliability. The use of 96.5/3.5 SnAg solder in the simulations of Cu flange configurations showed slightly reduced W rce in the interconnections in TCT, thus suggesting better thermomechanical reliability compared with 96.5/3.0/0.5 SnAgCu solder. However, the differences in the simulation results are non-significant compared with other, e.g., metallurgical, aspects that affect reliability.
